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(57) ABSTRACT

A method of mass and/or ion mobility spectrometry is
disclosed comprising: trapping ions in an annular or co-axial
ion trap; and then axially ejecting at least some of said ions
from said annular or co-axial ion trap into an annular ion
guide. lons trapped in the ion trap are distributed around the
entire circumference of the annular or co-axial ion trap. As
the ions travel along at least a portion of the length of the ion
guide their motion around the circumference of the annular
ion guide is unrestricted and the ions separate axially as they
travel along the ion guide.
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1
COAXIAL ION GUIDE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is the National Stage of International
Application No. PCT/GB2014/050748, filed 13 Mar. 2014
which claims priority from and the benefit of United King-
dom patent application No. 1304521.6 filed on 13 Mar. 2013
and European patent application No. 13159069.7 filed 13
Mar. 2013. The entire contents of these applications are
incorporated herein by reference.

BACKGROUND OF THE PRESENT
INVENTION

The present invention relates to a method of mass and/or
ion mobility spectrometry and a mass and/or ion mobility
spectrometer.

Ion mobility separators are known in which ions are
separated according to their ion mobilities. In order to
improve the duty cycle of ion mobility separation, the ions
may be accumulated in a trapping region upstream of the ion
mobility spectrometer or separator device. As all the ions are
stored in this trapping region prior to release into the drift
tube, the space charge capacity of this upstream trapping
region can ultimately limit the performance of the ion
mobility spectrometer or separator device. Excessive
amounts of charge in the trapping region can lead to detri-
mental effects on performance of the downstream analyser.
For example, if the charge capacity of the device is exceeded
then ions may be lost from the trapping region. There may
be undesirable mass and/or charge discrimination in the
portion of the population of ions lost from the trapping
region due to the nature of the confining force provided by
the RF confinement field. In addition, there may be frag-
mentation of molecular ions as ions are pushed closer to the
confining electrodes due to mutual space charge repulsion.

One way to increase the charge capacity is to extend the
axial length of the trapping region. However, the resolution
of the downstream ion mobility spectrometer or separator
will be reduced if an axially extended ion packet is intro-
duced into the ion mobility spectrometer or separator. Best
performance is preferably achieved when the packet of ions
introduced into the device has the minimum practical axial
distribution prior to ion mobility separation.

Accordingly, it is desired to provide an improved mass
spectrometer and method of mass spectrometry.

SUMMARY OF THE PRESENT INVENTION

According to a first aspect of the present invention there
is provided a method of mass and/or ion mobility spectrom-
etry comprising:

trapping ions in an annular or co-axial ion trap, wherein
the trapped ions are distributed around the entire circumfer-
ence of the annular or co-axial ion trap; and then

axially ejecting at least some of said ions from said
annular or co-axial ion trap into an annular ion guide,
wherein the ions separate axially as they travel along the ion
guide, and wherein as the ions travel along at least a portion
of the length of the ion guide their motion around the
circumference of the annular ion guide is unrestricted; and
then

converting the ions from an ion beam having an annular
shaped cross section to an ion beam having a non-annular
shaped cross-section.
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As the present invention provides an annular or co-axial
ion trap and an annular ion guide, the ion trapping volume
and hence charge capacity is significantly increased over
conventional devices, which generally have a substantially
circular inside cross section. The trapping geometry of the
present invention maximises the space charge capacity
available and conditions the ion population into a volume
which is suitable for direct injection into the coaxial ion
guide.

US 2012/0153140 discloses an ion mobility spectrometer
comprising an annular storage section arranged upstream of
an annular drift tube. In operation, ions are pulsed from the
storage section into the drift tube and the ions then separate
as they pass through the drift tube. In a low resolution mode
of operation, the ions are confined by electrodes within an
arcuate section of the drift tube as they travel towards the
exit of the drift tube. However, this known device suffers
from a number of disadvantages. For example, as the ions
are confined within the arcuate section as the travel along the
drift tube, the ions suffer from space-charge effects. Also,
ions in the annular storage section that do not pass into the
arcuate section of the drift tube are not able to exit the device
and will be lost.

According to US 2010/0153140, ions are extracted from
the device by a potential difference between an annular
conductive strip and an exit plate having an exit aperture.
Ions further away from the exit plate experience a lower
extraction field than ions near to the exit plate. As the
extraction field decreases for ions that are more remote from
the extraction plate, the time taken for ions of the same
mobility to exit the device will be variable and may be
longer than the ion mobility separation time scale and the
temporal width of the ion mobility peak exiting the device.
The device will therefore have a poor resolution in these
circumstances.

US 2010/0153140 also discloses a high resolution mode
of operation in which the ions are driven against a helical
potential barrier such that the ions follow a helical path
through the drift tube and separate along this helical path.
The electric field along the device must be increased for a
spiral path in order to maintain or improve the resolution of
the device, as compared to an axial ion path, because the
spiral path is longer. Although the field in the helical
separation direction may be below the high field limit, the
axial component of the field may exceed the high field limit,
leading to changes in the ion mobility of different species.
Furthermore, if the ions are evenly distributed annularly
around the storage section, then when the ions are axially
pulsed into the drift tube, ions from different annular starting
positions will meet the helical potential barrier at different
positions along the axis of the device. This causes a dramatic
increase in the initial spatial spread of the ions and may have
a severe impact on the attainable resolution from the device.

The ions are preferably randomly distributed around the
circumference of the ion trap and/or around the ion guide.

The method preferably comprises confining ions axially
and/or radially within said annular or co-axial ion trap.

Said annular or co-axial ion trap preferably comprises a
plurality of first electrodes and said method preferably
further comprises applying an RF or AC voltage to said first
electrodes in order to confine ions radially within said
annular or co-axial ion trap.

The ions are preferably radially confined between inner
and outer electrodes in the annular or co-axial ion trap and/or
the ion guide, and RF or AC potentials are preferably applied
to said inner and outer electrodes in order to radially confine
said ions.
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The ions are preferably radially confined between inner
and outer electrodes in the annular or co-axial ion trap and/or
the ion guide, and each of the inner and outer electrodes
preferably comprises a plurality of axially separated or
segmented electrodes. Axially adjacent electrodes may be
supplied with different phases of an RF voltage supply,
preferably opposite phases.

The method may further comprise applying or maintain-
ing a quadratic DC potential or other DC potential well
along a longitudinal axial direction of said annular or
co-axial ion trap in order to confine ions axially within said
annular or co-axial ion trap.

As described above, the ions may be radially confined
between inner and outer electrodes in the annular or co-axial
ion trap, and each of the inner and outer electrodes may
comprise a plurality of axially separated or segmented
electrodes. Different DC potentials may be applied to these
axially separated or segmented electrodes so as to form the
quadratic DC potential or other DC potential well along a
longitudinal axial direction.

The method preferably comprises confining ions within a
toroidal ion trapping region within said annular or co-axial
ion trap.

The method preferably comprises collisionally cooling
ions and/or reducing the kinetic energy of ions within said
annular or co-axial ion trap.

The step of axially ejecting at least some of said ions may
comprise: (i) reducing the amplitude or removing an axial
DC and/or RF potential barrier between said annular or
co-axial ion trap and said annular ion guide; and/or (ii)
reducing or altering the amplitude of a DC and/or RF
voltage; and/or (iii) lowering, removing or altering a DC
potential well or a pseudo-potential well; and/or (iv) chang-
ing a DC potential well to an extractive DC potential.

The step of axially ejecting at least some of said ions may
comprise pulsing a DC electric field, preferably such that
ions are pulsed out of the annular or co-axial ion trap and
axially along said annular ion guide.

The step of axially ejecting at least some of said ions may
comprise applying one or more transient DC voltages or
voltage waveforms to said annular or co-axial ion trap.
Preferably, the annular or co-axial ion trap comprises a
series of axially segmented or separated electrodes and the
step of applying one or more transient DC voltages or
voltage waveforms comprises applying one or more DC
voltages or voltage waveforms to successive ones of the
electrodes such that a potential barrier is formed by the DC
voltage that travels along the ion trap so as to drive the ions
along and out of the ion trap.

The annular or co-axial ion trap has a first radius r1 and
said annular ion guide has a second radius r2, wherein either
r1>r2, r1=r2 or rl<r2.

The annular ion guide preferably comprises an ion mobil-
ity spectrometer or separator and the ions are separated
according to their ion mobility as they pass along the ion
guide. The ion guide preferably comprises a gas and the ions
may be driven through the gas such that the ions separate
according to their ion mobility through the gas. The ions
may be pulsed into the ion mobility spectrometer or sepa-
rator, may travel therethrough and may then be detected. The
time between any given ion being pulsed into the spectrom-
eter or separator and being detected may be used to deter-
mine the ion mobility of the ion.

The method may further comprise applying one or more
transient DC voltages to said annular ion guide in order to
urge ions along the axial length of said annular ion guide.
Preferably, the ion guide comprises a series of axially
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segmented or separated electrodes and the step of applying
one or more transient DC voltages to said ion guide com-
prises applying one or more DC voltages to successive ones
of the electrodes such that a potential barrier is formed by
the DC voltage that travels along the ion guide so as to drive
the ions along the ion guide.

The method may comprise applying one or more static
DC voltages to said annular ion guide, or a static potential
difference along at least a portion of the ion guide, in order
to urge ions along the axial length of said annular ion guide.

The method may comprise causing ions to be tunneled,
funneled or otherwise focused towards an end of said
annular ion guide.

A first end of said annular ion guide proximal to said
annular or co-axial ion trap preferably has an annular ion
confining region in cross-section and a second distal end of
said ion guide may have a non-annular, circular, rectangular
or other ion confining region in cross-section. The electrodes
forming the ion guide are preferably arranged and config-
ured such that ions are transmitted from the annular first end
of the ion guide to the second end that has a non-annular,
circular, rectangular or other shaped cross-section.

The method may comprise transferring ions from said
annular ion guide into an ion tunnel ion guide, an ion funnel
ion guide or a multipole rod set ion guide.

The method may comprise applying one or more DC
voltages or potentials to one or more portions of said annular
ion guide in order to cause ions to circumferentially redis-
tribute and form a circumferentially compressed ion beam.

The method may comprise applying one or more voltages
to at least a portion of said ion guide so as to force ions
circumferentially around the ion guide into an arcuate sec-
tion of the ion guide that extends over only a portion of the
circumference of the ion guide. Said at least a portion of the
ion guide is preferably the end of the ion guide opposite to
the end that is proximal to the ion trap. The ions are
preferably compressed into the arcuate section of the ion
guide and are then transferred into a downstream device,
such as a downstream ion guide, analyser or detector. By
compressing the ions into the arcuate section at the end of
the ion guide the ions are able to be more efficiently
transferred into a downstream device having a non-annular
cross-section for receiving the ions. The ions are preferably
compressed into the arcuate section only at the end of the ion
guide. The arcuate section of the ion guide preferably
extends over only <75%, <50%, <30%, <20%, or <10% of
the circumference of the ion guide.

The ion guide preferably comprises one or more elec-
trodes arranged circumferentially around the axis of the ion
guide, and wherein one or more voltages are applied to these
electrodes so as to drive ions circumferentially around the
ion guide into the arcuate section.

A plurality of electrodes are preferably arranged circum-
ferentially around the axis of the ion guide and one or more
voltages are applied to these electrodes so as to drive ions
circumferentially around the ion guide into the arcuate
section; and/or an electrode having a resistive coating may
be arranged circumferentially around the axis of the ion
guide and one or more voltages may be applied to the
electrode so as to drive ions circumferentially around the ion
guide into the arcuate section.

Preferably, the ions are radially confined in an annular
region of the ion guide between inner and outer electrodes.
Preferably, a plurality of the inner electrodes are arranged
circumferentially around the axis of the ion guide and/or a
plurality of the outer electrodes are arranged circumferen-
tially around the axis of the ion guide. Voltages are applied
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to one or both of these inner and outer electrodes so as to
drive ions circumferentially around the ion guide into the
arcuate section.

The one or more voltages applied to the electrodes so as
to drive ions into the arcuate section are preferably DC
voltages, although may be RF pseudo-potentials.

The method may comprise focusing or compressing ions
in a focusing region of the ion guide, wherein the focusing
region is maintained at a reduced pressure relative to a
portion of said annular ion guide proximal to said ion trap.
The region in which ions are compressed into the arcuate
section may be maintained at said reduced pressure.

A portion of said annular ion guide preferably comprises
circumferentially segmented inner electrodes and/or circum-
ferentially segmented outer electrodes and said method may
comprise focusing ions, preferably into an arcuate section of
the ion guide, by applying different DC potentials and/or
different RF pseudo-potentials to said segmented inner elec-
trodes and/or said segmented outer electrodes.

The method may comprise applying an angled or inclined
DC potential or DC electric field to a portion of said annular
ion guide in order to confine ions to a portion of the annular
ion guiding volume of said annular ion guide.

The method may comprise applying an axial potential
barrier around only part of the circumference of the ion
guide such that ions cannot pass axially along the ion guide
at the circumferential regions at which the barrier is located
and ions can pass axially along the ion guide through an
arcuate section of the ion guide where the barrier is not
located.

The potential barrier preferably extends at an angle
between a direction parallel to the longitudinal axis of the
ion guide and a direction perpendicular to said axis, such
that as the ions move axially along the ion guide they are
forced circumferentially around the ion guide by the barrier
into the arcuate section.

The barrier is preferably formed by applying DC poten-
tials to electrodes forming the ion guide. As described
above, the electrodes of the ion guide may be segmented
circumferentially and/or axially and different potentials may
be applied to these electrodes so as to form the barrier.
Alternatively, AC or RF potentials may be applied to the
electrodes so as to form the barrier.

The annular or co-axial ion trap preferably comprises a
plurality of inner electrodes and a plurality of outer elec-
trodes and an annular or co-axial ion trapping region
between said inner and outer electrodes. Alternatively, or
additionally, the annular ion guide preferably comprises a
plurality of inner electrodes and a plurality of outer elec-
trodes and an annular ion guiding region between said inner
and outer electrodes.

The annular ion guide may comprise a plurality of inner
electrodes and a plurality of outer electrodes and an annular
ion guiding region between said inner and outer electrodes,
wherein the radius of the annular ion guiding region
decreases and/or increases in a direction from the end of the
ion guide proximate to the ion trap to the opposite end of the
ion guide.

The radii of the plurality of inner and outer electrodes
forming said annular ion guide preferably progressively
reduce along the axial length of the annular ion guide so as
to form the ion guiding region of decreasing radius. Alter-
natively, the radii of the plurality of inner and outer elec-
trodes forming said annular ion guide preferably progres-
sively increase along the axial length of the annular ion
guide so as to form the ion guiding region of increasing
radius.
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The outer radius of the annular ion guiding region within
said annular ion guide may progressively taper or reduce.

The method may comprise maintaining said annular or
co-axial ion trap at a first pressure pl and maintaining said
annular ion guide at second pressure p2, wherein p1>p2,
pl=p2 or p1<p2.

The method may comprise injecting ions axially and/or
tangentially into said annular or co-axial ion trap.

The method preferably comprises introducing ions into
the ion trap along the longitudinal axis of the ion trap.

The ions are preferably driven through the ion guide by an
electric field aligned in the axial direction of the ion guide,
preferably wherein the field has a component only in the
axial direction and not in the radial direction.

The present invention also provides a mass and/or ion
mobility spectrometer comprising:

an annular or co-axial ion trap arranged and adapted to
trap ions;

an annular ion guide; and

a control system arranged and adapted:

(1) to trap ions in said annular or co-axial ion trap, wherein
ions trapped in the ion trap are distributed around the entire
circumference of the annular or co-axial ion trap; and

(i) to cause at least some ions within said annular or
co-axial ion trap to be axially ejected from said annular or
co-axial ion trap into said annular ion guide, wherein as the
ions travel along at least a portion of the length of the ion
guide their motion around the circumference of the annular
ion guide is unrestricted, and wherein the ions separate
axially as they travel along the ion guide;

wherein the electrode configuration of the spectrometer is
arranged and configured to convert the ions from an ion
beam having an annular shaped cross section to an ion beam
having a non-annular shaped cross-section.

The spectrometer is preferably arranged and configured to
perform any one of the methods described herein.

The annular or co-axial ion trap is preferably arranged and
adapted to confine ions axially and/or radially within said
annular or co-axial ion trap.

The annular or co-axial ion trap preferably comprises a
plurality of first electrodes and said mass spectrometer is
preferably arranged and adapted to apply an RF or AC
voltage to said first electrodes in order to confine ions
radially within said annular or co-axial ion trap.

The spectrometer is preferably configured to confine ions
within a toroidal ion trapping region within said annular or
co-axial ion trap.

The annular or co-axial ion trap is preferably arranged and
adapted to collisionally cool ions and/or reduce the kinetic
energy of ions within said annular or co-axial ion trap.

The spectrometer is preferably may comprise a device
arranged and adapted to apply or maintain a quadratic DC
potential or other DC potential well along an axial direction
of said annular or co-axial ion trap in order to confine ions
axially within said annular or co-axial ion trap.

The control system may be arranged and adapted to cause
ions to be axially ejected from said annular or co-axial ion
trap into said annular ion guide by: (i) reducing the ampli-
tude or removing an axial DC and/or RF potential barrier
between said annular or co-axial ion trap and said annular
ion guide in order; and/or (ii) reducing or altering the
amplitude of a DC and/or RF voltage; and/or (iii) lowering,
removing or altering a DC potential well or a pseudo-
potential well; and/or (iv) changing a DC potential well to an
extractive DC potential.
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The control system is preferably arranged and adapted to
pulse a DC electric field in order to cause ions to be axially
ejected from said annular or co-axial ion trap into said
annular ion guide.

The control system may be arranged and adapted to apply
one or more transient DC voltages or voltage waveforms to
said annular or co-axial ion trap in order to cause ions to be
axially ejected from said annular or co-axial ion trap into
said annular ion guide.

The annular or co-axial ion trap has a first radius r1 and
said annular ion guide has a second radius r2, wherein either
r1>r2, r1=r2 or rl<r2.

The annular ion guide preferably comprises an ion mobil-
ity spectrometer or separator.

The spectrometer preferably comprises a device arranged
and adapted to apply one or more transient DC voltages to
said annular ion guide in order to urge ions along the axial
length of said annular ion guide.

The spectrometer preferably comprises a device arranged
and adapted to apply one or more static DC voltages to said
annular ion guide in order to urge ions along the axial length
of said annular ion guide.

The spectrometer may comprise a device arranged and
adapted to cause ions to be tunneled, funneled or otherwise
focused towards an end of said annular ion guide.

A first end of said annular ion guide proximal to said
annular or co-axial ion trap may have an annular ion
confining region in cross-section and a second distal end of
said ion guide may have a non-annular, circular, rectangular
or other ion confining region in cross-section.

The spectrometer may comprise a device arranged and
adapted to transfer ions from said annular ion guide into an
ion tunnel ion guide, an ion funnel ion guide or a multipole
rod set ion guide.

The spectrometer may comprise a device arranged and
adapted to apply one or more DC voltages or potentials to
one or more portions of said annular ion guide in order to
cause ions to redistribute and form a compressed ion beam.

The spectrometer may comprise a device arranged and
adapted to reduce the pressure in an ion focusing region of
said ion guide relative to a portion of said annular ion guide
proximal to said annular or co-axial ion trap.

A portion of said annular ion guide preferably comprises
one or more segmented inner electrodes and/or one or more
segmented outer electrodes and said control system is pref-
erably further arranged and adapted to focus ions by apply-
ing different DC potentials and/or different RF pseudo-
potentials to said one or more segmented inner electrodes
and/or said one or more segmented outer electrodes.

Said control system may be arranged and adapted to apply
an angled or inclined DC potential or DC electric field to a
portion of said annular ion guide in order to confine ions to
a portion of the annular ion guiding volume of said annular
ion guide.

Said annular or co-axial ion trap preferably comprises a
plurality of inner electrodes and a plurality of outer elec-
trodes and an annular or co-axial ion trapping region
between said inner and outer electrodes.

Said annular ion guide preferably comprises a plurality of
inner electrodes and a plurality of outer electrodes and an
annular ion guiding region between said inner and outer
electrodes.

The radius of the plurality of inner electrodes forming
said annular ion guide may progressively reduce along the
axial length of the annular ion guide.

The outer radius of the annular ion guiding volume within
said annular ion guide may progressively taper or reduce.
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The spectrometer may comprise a device arranged and
adapted to maintain said annular or co-axial ion trap at a first
pressure pl and to maintain said annular ion guide at second
pressure p2, wherein p1>p2, pl1=p2 or pl<p2.

The spectrometer may comprise a device arranged and
adapted to inject ions axially and/or tangentially into said
annular or co-axial ion trap.

From a second aspect, the present invention provides a
method of mass and/or ion mobility spectrometry compris-
ing:

trapping ions in an annular or co-axial ion trap; and then

axially ejecting at least some of said ions from said
annular or co-axial ion trap into an annular ion guide.

The ions are preferably randomly distributed around the
circumference of the ion trap and/or around the ion guide.

The method may comprise any one, or any combination
of any two or more, of the features described above in
relation to the first aspect of the present invention.

Tons trapped in the ion trap are preferably distributed
around the entire circumference of the annular or co-axial
ion trap.

As the ions travel along the ion guide their motion around
the circumference of the annular ion guide is preferably
unrestricted.

Ions preferably separate axially as they travel along the
ion guide.

The method preferably comprises converting the ions
from an ion beam having an annular shaped cross section to
an ion beam having a non-annular shaped cross-section. The
ion guide may be configured to convert the shape of the ion
beam as it approaches the exit of the ion guide.

According to the second aspect of the present invention,
there is also provided a mass and/or ion mobility spectrom-
eter comprising:

an annular or co-axial ion trap arranged and adapted to
trap ions;

an annular ion guide; and

a control system arranged and adapted:

(1) to trap ions in said annular or co-axial ion trap;

(i) to cause at least some ions within said annular or
co-axial ion trap to be axially ejected from said annular or
co-axial ion trap into said annular ion guide.

The spectrometer is preferably arranged and configured to
perform any one, or any combination of any two or more, of
the methods described herein.

For example, the electrodes of the ion guide may be
arranged and configured so as to convert the shape of the ion
beam as it approaches the exit of the ion guide from an
annular shaped cross section to an ion beam having a
non-annular shaped cross-section.

According to another aspect of the present invention there
is provided a method of storing and injecting ions into a RF
confined coaxial ion guide or coaxial ion trap comprising:

(a) storing ions in an annular volume comprising a
toroidal ion trap or ion trapping region in which ions are
randomly distributed;

(b) cooling or reducing the kinetic energy of the popula-
tion of stored ions by collisions with buffer gas; and

(c) ejecting the stored ions as a torus into a co-axial
geometry ion guide.

The method may comprise any one, or any combination
of any two or more, of the features described herein in
respect of the first aspect of the present invention.

The toroidal ion trap is preferably part of the same
structure as the coaxial ion guide.

The coaxial ion guide may comprise an ion mobility
spectrometer or separator (“IMS”) separation device.
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Ejection may be achieved by rapid application of a pulsed
DC acceleration field.

Ejection may be achieved by application of a travelling
DC wave or one or more transient DC voltage waves.

According to an embodiment the spectrometer may fur-
ther comprise:

(a) an ion source selected from the group consisting of: (i)
an Electrospray ionisation (“ESI”) ion source; (i) an Atmo-
spheric Pressure Photo Ionisation (“APPI”) ion source; (iii)
an Atmospheric Pressure Chemical lonisation (“APCI”) ion
source; (iv) a Matrix Assisted Laser Desorption lonisation
(“MALDI”) ion source; (v) a Laser Desorption lonisation
(“LDI”) ion source; (vi) an Atmospheric Pressure lonisation
(“API”) ion source; (vii) a Desorption Ionisation on Silicon
(“DIOS”) ion source; (viii) an Electron Impact (“EI”) ion
source; (ix) a Chemical Ionisation (“CI”) ion source; (x) a
Field Ionisation (“FI”) ion source; (xi) a Field Desorption
(“FD”) ion source; (xii) an Inductively Coupled Plasma
(“ICP”) ion source; (xiii) a Fast Atom Bombardment
(“FAB”) ion source; (xiv) a Liquid Secondary Ion Mass
Spectrometry (“LSIMS”) ion source; (xv) a Desorption
Electrospray lonisation (“DESI”) ion source; (xvi) a Nickel-
63 radioactive ion source; (xvii) an Atmospheric Pressure
Matrix Assisted Laser Desorption lonisation ion source;
(xviii) a Thermospray ion source; (xix) an Atmospheric
Sampling Glow Discharge Ionisation (“ASGDI”) ion
source; (xx) a Glow Discharge (“GD”) ion source; (xxi) an
Impactor ion source; (xxii) a Direct Analysis in Real Time
(“DART”) ion source; (xxiii) a Laserspray lonisation
(“LSI”) ion source; (xxiv) a Sonicspray lonisation (“SSI”)
ion source; (xxv) a Matrix Assisted Inlet Ionisation
(“MAII”) ion source; and (xxvi) a Solvent Assisted Inlet
ITonisation (“SAII”) ion source; and/or

(b) one or more continuous or pulsed ion sources; and/or

(c) one or more ion guides; and/or

(d) one or more ion mobility separation devices and/or
one or more Field Asymmetric Ion Mobility Spectrometer
devices; and/or

(e) one or more ion traps or one or more ion trapping
regions; and/or

(f) one or more collision, fragmentation or reaction cells
selected from the group consisting of: (i) a Collisional
Induced Dissociation (“CID”) fragmentation device; (ii) a
Surface Induced Dissociation (“SID”) fragmentation device;
(iii) an Electron Transfer Dissociation (“ETD”) fragmenta-
tion device; (iv) an Electron Capture Dissociation (“ECD”)
fragmentation device; (v) an Electron Collision or Impact
Dissociation fragmentation device; (vi) a Photo Induced
Dissociation (“PID”) fragmentation device; (vii) a Laser
Induced Dissociation fragmentation device; (viii) an infra-
red radiation induced dissociation device; (ix) an ultraviolet
radiation induced dissociation device; (X) a nozzle-skimmer
interface fragmentation device; (xi) an in-source fragmen-
tation device; (xii) an in-source Collision Induced Dissocia-
tion fragmentation device; (xiii) a thermal or temperature
source fragmentation device; (xiv) an electric field induced
fragmentation device; (xv) a magnetic field induced frag-
mentation device; (xvi) an enzyme digestion or enzyme
degradation fragmentation device; (xvii) an ion-ion reaction
fragmentation device; (xviii) an ion-molecule reaction frag-
mentation device; (xix) an ion-atom reaction fragmentation
device; (xx) an ion-metastable ion reaction fragmentation
device; (xxi) an ion-metastable molecule reaction fragmen-
tation device; (xxii) an ion-metastable atom reaction frag-
mentation device; (xxiii) an ion-ion reaction device for
reacting ions to form adduct or product ions; (xxiv) an
ion-molecule reaction device for reacting ions to form
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adduct or product ions; (xxv) an ion-atom reaction device
for reacting ions to form adduct or product ions; (xxvi) an
ion-metastable ion reaction device for reacting ions to form
adduct or product ions; (xxvii) an ion-metastable molecule
reaction device for reacting ions to form adduct or product
ions; (xxviii) an ion-metastable atom reaction device for
reacting ions to form adduct or product ions; and (xxix) an
Electron Ionisation Dissociation (“EID”) fragmentation
device; and/or

(g) a mass analyser selected from the group consisting of:
(1) a quadrupole mass analyser; (ii) a 2D or linear quadrupole
mass analyser; (iii) a Paul or 3D quadrupole mass analyser;
(iv) a Penning trap mass analyser; (v) an ion trap mass
analyser; (vi) a magnetic sector mass analyser; (vii) Ion
Cyclotron Resonance (“ICR”) mass analyser; (viii) a Fourier
Transform lon Cyclotron Resonance (“FTICR”) mass analy-
ser; (ix) an electrostatic or orbitrap mass analyser; (X) a
Fourier Transform electrostatic or orbitrap mass analyser;
(xi) a Fourier Transform mass analyser; (xii) a Time of
Flight mass analyser; (xiii) an orthogonal acceleration Time
of Flight mass analyser; and (xiv) a linear acceleration Time
of Flight mass analyser; and/or

(h) one or more energy analysers or electrostatic energy
analysers; and/or

(1) one or more ion detectors; and/or

(j) one or more mass filters selected from the group
consisting of: (i) a quadrupole mass filter; (ii) a 2D or linear
quadrupole ion trap; (iii) a Paul or 3D quadrupole ion trap;
(iv) a Penning ion trap; (v) an ion trap; (vi) a magnetic sector
mass filter; (vii) a Time of Flight mass filter; and (viii) a
Wien filter; and/or

(k) a device or ion gate for pulsing ions; and/or

(1) a device for converting a substantially continuous ion
beam into a pulsed ion beam.

The spectrometer may further comprise either:

(1) a C-trap and an orbitrap (RTM) mass analyser com-
prising an outer barrel-like electrode and a coaxial inner
spindle-like electrode, wherein in a first mode of operation
ions are transmitted to the C-trap and are then injected into
the orbitrap (RTM) mass analyser and wherein in a second
mode of operation ions are transmitted to the C-trap and then
to a collision cell or Electron Transfer Dissociation device
wherein at least some ions are fragmented into fragment
ions, and wherein the fragment ions are then transmitted to
the C-trap before being injected into the orbitrap (RTM)
mass analyser; and/or

(i) a stacked ring ion guide comprising a plurality of
electrodes each having an aperture through which ions are
transmitted in use and wherein the spacing of the electrodes
increases along the length of the ion path, and wherein the
apertures in the electrodes in an upstream section of the ion
guide have a first diameter and wherein the apertures in the
electrodes in a downstream section of the ion guide have a
second diameter which is smaller than the first diameter, and
wherein opposite phases of an AC or RF voltage are applied,
in use, to successive electrodes.

The spectrometer may comprises a device arranged and
adapted to supply an AC or RF voltage to the electrodes. The
AC or RF voltage preferably has an amplitude selected from
the group consisting of: (1)<50 V peak to peak; (ii) 50-100
V peak to peak; (iii) 100-150 V peak to peak; (iv) 150-200
V peak to peak; (v) 200-250 V peak to peak; (vi) 250-300 V
peak to peak; (vii) 300-350 V peak to peak; (viii) 350-400
V peak to peak; (ix) 400-450 V peak to peak; (x) 450-500 V
peak to peak; and (xi) >500 V peak to peak.

The AC or RF voltage preferably has a frequency selected
from the group consisting of: (1)<100 kHz; (ii) 100-200 kHz;
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(iii) 200-300 kHz; (iv) 300-400 kHz; (v) 400-500 kHz; (vi)
0.5-1.0 MHz; (vii) 1.0-1.5 MHz; (viii) 1.5-2.0 MHz; (ix)
2.0-2.5 MHz; (x) 2.5-3.0 MHz; (xi) 3.0-3.5 MHz; (xii)
3.5-4.0 MHz; (xiii) 4.0-4.5 MHz; (xiv) 4.5-5.0 MHz; (xv)
5.0-5.5 MHz; (xvi) 5.5-6.0 MHz; (xvii) 6.0-6.5 MHz; (xviii)
6.5-7.0 MHz; (xix) 7.0-7.5 MHz; (xx) 7.5-8.0 MHz; (xxi)
8.0-8.5 MHz; (xxii) 8.5-9.0 MHz; (xxiii) 9.0-9.5 MHz;
(xxiv) 9.5-10.0 MHz; and (xxv) >10.0 MHz.

The preferred embodiment relates to an improved method
of ion storage and injection of a pulse or packet of ions into
a coaxial RF confined ion guide.

According to a preferred embodiment a toroidal ion
trapping region of similar or the same radial dimensions to
the coaxial ion guide may be provided to first trap and
condition an ion population and then rapidly inject the
resultant torus of ions into the ion guide. The trapped ions
are preferably allowed to fill the entire toroidal volume.

The toroidal trapping geometry preferably maximises the
space charge capacity available and conditions the ion
population into a volume which is preferably suitable for
direct injection into the coaxial ion guide.

In the preferred embodiment the coaxial RF confined ion
guide preferably comprises an ion mobility spectrometer or
separator in which ions are driven from an entrance to an
exit end using either a DC electric field or one or more
transient DC voltages or DC travelling voltage waves.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the present invention will now be
described, by way of example only, and with reference to the
accompanying drawings in which:

FIG. 1 shows a toroidal ion trapping region according to
an embodiment of the present invention;

FIG. 2 shows a coaxial ion mobility spectrometer includ-
ing an upstream toroidal ion trapping region with ions
confined in the ion trapping region;

FIG. 3 shows a coaxial ion mobility spectrometer includ-
ing a toroidal ion trapping region with ions being released
from the ion trapping region into the ion mobility spectrom-
eter;

FIG. 4 shows an embodiment wherein ions are focused at
the exit of the ion guide;

FIG. 5 shows a cross-sectional view of an embodiment
arranged to focus ions at the exit of the ion guide; and

FIG. 6 shows another embodiment wherein the coaxial
ion guide is tapered.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 shows a perspective view of a toroidal ion trapping
region according to an embodiment of the present invention.
The ion trap preferably comprises an inner set of axially
separated electrodes 2 and an outer set of axially separated
electrodes 1, which together define an annular ion trapping
volume 3. Opposite phases of an RF frequency AC potential
or voltage are preferably applied to axially alternate elec-
trodes of the inner 2 and outer 1 electrode arrays so that an
annular pseudo-potential trapping region is formed which
acts to confine ions radially within the annular ion trapping
volume 3.

A plot of electric potential as a function of distance along
the axial length of the ion trap is also shown in FIG. 1 and
shows a preferred form of an axial DC trapping potential
which is preferably applied to a subset of electrodes on the
inner array of electrodes 2 and the outer array of electrodes
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1. Different DC potentials may be applied to different axial
electrodes so as to form the trapping potential. The axial DC
trapping potential provides a confining force on the ions in
the axial direction. lons may be injected from an external
source into the trapping region 3 where they are preferably
confined radially by a pseudo-potential well between the
outer electrode 1 and the inner electrodes 2 and are also
preferably confined axially by the DC potential well shown.
The trapped ions are preferably reduced in kinetic energy
(i.e. cooled) due to collisions with background gas. The
could of ions 4 preferably takes up random positions around
the annular or toroidal trapping volume as shown.

FIG. 2 shows an side view of an embodiment of the
present invention comprising a coaxial ion mobility spec-
trometer or separator (“IMS”) drift tube incorporating an
upstream ion trapping region of the type shown in FIG. 1.
The inner electrodes 2 and the outer electrodes 3 preferably
provide ion confinement in the radial direction, as shown.
This is achieved by applying RF voltages to the inner 2 and
outer 3 electrodes. As described with reference to FIG. 1,
ions are initially trapped in an toroidal trapping region at the
entrance end of the device. When sufficient ions have been
accumulated, the ions are pulsed out of the trapping region
4 and into the IMS drift tube. The ions traverse the drift tube
and separate according to their ion mobilities. The ions may
be detected after the have exited the drift tube and the
duration of time between the pulsing of any given ion and its
detection may be used to calculate the ion mobility of that
ion. Preferably, ions are periodically pulsed from the trap-
ping region 4 into the drift tube. lons are preferably accu-
mulated in the trapping region 4 in the period between any
two sequential ion pulses, i.e. during the time that a previous
ion population is traversing the ion guide.

A plot of electric potentials as a function of distance along
the device is also shown in FIG. 2. The DC potentials are
shown as solid lines. lons enter the device and are preferably
prevented from proceeding into the ion guiding region by
application of a DC barrier. This causes ion to be trapped in
ion trapping region 4. lons from a previously trapped and
released packet are preferably driven through the ion guide
by application of a DC traveling wave or one or more
transient DC voltages, shown as dotted lines, which drive
the ions through the ion guide. These ions preferably sepa-
rate and elute in order of their ion mobility.

FIG. 3 shows the same device as shown in FIG. 2 during
a time period when an accumulated toroidal packet of ions
is released into the ion guide. At this time the DC barrier of
the trapping region 4 is reduced and a second DC transient
wave (shown in dotted lines) is applied to the electrodes in
the ion trapping region 4 in order to drive the packet of ions
into the ion guide. The ions are then driven through the ion
guide by a DC transient wave, as described in relation to
FIG. 2. Once the ions have been pulsed into the ion guide the
DC barrier is re-applied or restored and further ions are
preferably accumulated. In this way a high charge density
can be accommodated with a high duty cycle and high
sensitivity.

According to an alternative embodiment, rather than be
part of the same device at the same pressure, the trapping
region 4 may comprise a separate device and may be held at
a different pressure to the ion guide. A differential pumping
aperture may be provided between the trapping region and
the ion guide to enable this.

It is contemplated that the ions may be driven with a DC
voltage gradient rather than a traveling DC voltage or one or
more transient DC voltage waves.
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Ions may be introduced into the trapping region 4 either
tangentially with respect to circumference of the annular
guide or alternatively along the longitudinal axis.

A method of focusing the ions at the exit of the device is
also contemplated herein. The present invention introduces
a packet of ions into and separates the ions within a coaxial
ion guide, whilst maintaining a high space charge capacity
by distributing ions within the entire annular volume. It is
then often desired to couple the preferred device with other
downstream devices. In particular, downstream devices may
not have the same cross-sectional profile as the annular ion
guide and therefore a method of interfacing a coaxial ion
guide to these downstream devices is particularly advanta-
geous. For example, once ions have been separated within
the coaxial ion mobility spectrometer or separator device the
separated ions may be directed towards a conventional ion
guide with a substantially circular internal cross section.

One way of achieving this is to reduce the diameter of the
internal annular cross section towards the exit of the device.
For example, the diameter of the inner and outer electrodes
may reduce towards the exit of the device. The diameter of
the inner electrodes may reduce to substantially zero at the
exit of the device.

An alternative method is disclosed, which does not
depend on physically varying the dimension of the device.
This method comprises applying a DC electric field gradient
to a section of the coaxial ion guide acting in a substantially
orthogonal direction to the primary direction of the ions
travel such that ions in this section are redistributed to
occupy a smaller arcuate trapping region. The DC electric
field is preferably arranged such that ions are directed so that
as they enter this region they are compressed into a volume
or cross-sectional area suitable for subsequent transfer into
a device having a non-coaxial geometry. lons may be
redistributed according to this technique so as to be places
in two or more separate arcuate sections that are spaced
circumferentially around the device. This may be useful, for
example, to transmit ions to different downstream devices at
the exit of the coaxial ion guide.

FIG. 4 shows a representation of a coaxial ion guide in the
y,Z plane with outer electrodes 1 and inner electrodes 2. The
location of trapped ions 4 is shown in a toroidal trapping
region 5 as previously described. lons are preferably injected
from the ion trapping region 5 into the ion guide or ion
mobility spectrometer or separation region 6 and travel
down the axial length of the ion guide in the z-direction.
Throughout the trap 5 and the ion guide region 6 ions are
substantially randomly distributed in the annular volume
between the inner 2 and outer 1 electrodes. Ions then
preferably enter a focusing region 7, wherein a DC potential
is preferably applied in the y-direction so as to force ions
from the lower part of the annular volume to the upper part.
This redistribution occurs as the ions proceed down the
z-axis of the device. The ions exit the device as a beam that
has been compressed into an arcuate section of the device,
rather than as a torus, and the ions can therefore be effi-
ciently directed into a conventional ion guide 8.

As described above, ions may be urged in the z-direction
by a DC field or a travelling wave.

The focusing region 7 may comprise part of the ion guide
6 and may be held at the same pressure, or may alternatively
be a separate region separated by a differential pumping
aperture that is held at a different pressure. If the regions are
at different pressures, e.g. if the pressure in the IMS cell 6
is 2 mbar and the pressure in the focusing region 7 is 0.005
mbar, then ions in the focusing region 7 will move rapidly
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to a position in the desired region of the annular trapping
volume without significant distortion of the IMS peak width
or shape.

FIG. 5 shows a cross section through the focusing region
7 of FIG. 4 in the y,z plane. Each of the inner 2 and the outer
electrodes 1 are preferably split into pairs of segments
9,10,11,12,13. The relative potential applied to each of these
electrodes is indicated on the plot of potential versus seg-
ment number. It can be seen that the potentials applied to the
segments decrease with segment number. In other words, the
potentials applied to the segments progressively decrease
around the circumference of the device from a maximum
value on one side of the device to a minimum value on the
opposite side of the device. This causes potential differences
to be set up that force ions circumferentially around the
device from the region of the maximum potential to the
region of the minimum potential. The ions therefore take up
the form of a compressed beam in an arcuate section of the
device centered about the minimum potential. This arrange-
ment results in a driving force that redistributes the ions to
a small region of the annular volume of the ion guide, from
which the ions can be easily extracted.

Other electrode arrangements are contemplated resulting
in a similar effect. It is also possible to force ions into other
areas or multiple areas of the annular trapping volume using
this technique. Driving forces other than the DC potential
gradients described above may be utilised. For example, RF
voltages may be applied to the electrodes and the amplitudes
of the RF voltages may be different on different segments
resulting in a pseudo-potential driving force.

Another method for driving ions to the desired circum-
ferential position in the device is to apply one or more
potentials to the segmented electrodes in such a way that an
angled DC barrier is formed within the focusing region 7 of
the device. lons which cannot overcome this barrier are
urged to travel along the barrier by the axial driving force
towards an extraction region. FIG. 6 shows a representation
of such an embodiment and shows a coaxial ion guide 6
which is tapered to reduce the radius of the annular trapping
region prior to the extraction region 7. A DC barrier 14 in the
extraction region 7 is shown along with a representation of
the ion path for illustration. Ions are preferably driven along
this barrier to the exit. The barrier blocks the axial motion of
the ions except for in the upper arcuate section of the device.
As the ions are forced along the device, they ride up the
barrier towards the upper arcuate section. The ions are then
compressed into this upper arcuate section. As there is no
barrier in the upper arcuate section the ions can then travel
to the exit of the device in a compressed ion beam, which
may be useful for subsequent extraction and transmission
into another device.

Although the present invention has been described with
reference to preferred embodiments, it will be understood by
those skilled in the art that various changes in form and
detail may be made without departing from the scope of the
invention as set forth in the accompanying claims.

For example, although the annular ion guide has been
described herein as forming an ion mobility spectrometer,
the advantages of the present invention are also provided
when the annular ion guide forms part of other types of
devices. In particular, the configuration is also advantageous
for avoiding space charge effects in other devices.

The invention claimed is:
1. A method of mass or ion mobility spectrometry com-
prising:
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trapping ions in an annular or co-axial ion trap to establish
trapped ions, wherein the trapped ions are distributed
around the entire circumference of the annular or
co-axial ion trap; and then

axially ejecting at least some of said trapped ions, to

establish ejected ions, from said annular or co-axial ion
trap into an annular ion guide, wherein the ejected ions
separate axially as the ejected ions travel along the ion
guide, and wherein as the ejected ions travel along at
least a portion of the length of the ion guide a motion
of the ejected ions around the circumference of the
annular ion guide is unrestricted; and then

converting the ejected ions from an ion beam having an

annular shaped cross section to an ion beam having a
non-annular shaped cross-section.

2. A method as claimed in claim 1, wherein the trapped
ions are randomly distributed around the circumference of
the ion trap or the ejected ions are randomly distributed
around the ion guide.

3. A method as claimed in claim 1, wherein the trapped
ions are radially confined between inner and outer electrodes
in the annular or co-axial ion trap and RF or AC potentials
are applied to said inner and outer electrodes in order to
radially confine said trapped ions or wherein the ejected ions
are radially confined between inner and outer electrodes in
the annular ion guide and RF or AC potentials are applied to
said inner and outer electrodes in the annular ion guide in
order to confine said ejected ions.

4. A method as claimed in claim 1, wherein the trapped
ions are radially confined between inner and outer electrodes
in the annular or co-axial ion trap and each of the inner and
outer electrodes comprises a plurality of axially separated or
segmented electrodes or wherein the ejected ions are radially
confined between inner and outer electrodes in the annular
ion guide and each of the inner and outer electrodes in the
ion guide comprises a plurality of axially separated or
segmented electrodes.

5. A method as claimed in claim 1, comprising applying
or maintaining a quadratic DC potential or other DC poten-
tial well along a longitudinal axial direction of said annular
or co-axial ion trap in order to confine ions axially within
said annular or co-axial ion trap.

6. A method as claimed in claim 1, wherein said annular
ion guide comprises an ion mobility spectrometer or sepa-
rator and wherein the ejected ions are separated according to
ion mobility as the ejected ions pass along the ion guide.

7. A method as claimed in claim 1, comprising applying
one or more transient DC voltages to said annular ion guide
in order to urge ions along the axial length of said annular
ion guide; or

comprising applying one or more static DC voltages to

said annular ion guide, or a static potential difference
along at least a portion of the ion guide, in order to urge
ions along the axial length of said annular ion guide.

8. A method as claimed in claim 1, comprising causing the
ejected ions to be tunneled, funneled or otherwise focused
towards an end of said annular ion guide, preferably after the
ejected ions have separated axially.

9. A method as claimed in claim 1, wherein a first end of
said annular ion guide proximal to said annular or co-axial
ion trap has an annular ion confining region in cross-section
and wherein a second distal end of said ion guide has a
non-annular, circular, rectangular or other ion confining
region in cross-section.

10. A method as claimed in claim 1, comprising applying
one or more DC voltages or potentials to one or more
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portions of said annular ion guide in order to cause ions to
circumferentially redistribute and form a circumferentially
compressed ion beam.

11. A method as claimed in claim 1, comprising applying
one or more voltages to at least a portion of said ion guide
so as to force ions circumferentially around the ion guide
into an arcuate section of the ion guide that extends over
only a portion of the circumference of the ion guide.

12. A method as claimed in claim 11, wherein the ion
guide comprises one or more electrodes arranged circum-
ferentially around the axis of the ion guide, and wherein one
or more voltages are applied to these electrodes so as to
drive ions circumferentially around the ion guide into the
arcuate section.

13. A method as claimed in claim 1, comprising focusing
or compressing ions in a focusing region of the ion guide,
wherein the focusing region is maintained at a reduced
pressure relative to a portion of said annular ion guide
proximal to said ion trap.

14. A method as claimed in claim 1, wherein a portion of
said annular ion guide comprises circumferentially seg-
mented inner electrodes or circumferentially segmented
outer electrodes and wherein said method further comprises
focusing ions, into an arcuate section of the ion guide, by
applying different DC potentials or different RF pseudo-
potentials to said segmented inner electrodes or said seg-
mented outer electrodes.

15. A method as claimed in claim 1, comprising applying
an axial potential barrier at circumferential regions of the ion
guide such that ions cannot pass axially along the ion guide
at the circumferential regions at which the barrier is located
and ions can pass axially along the ion guide through an
arcuate section of the ion guide where the barrier is not
located.

16. A method as claimed in claim 15, wherein the poten-
tial barrier is extends at an angle between a direction parallel
to the longitudinal axis of the ion guide and a direction
perpendicular to said axis, such that as the ions move axially
along the ion guide the ions are forced circumferentially
around the ion guide by the barrier into the arcuate section.

17. A method as claimed in claim 1, comprising intro-
ducing the ions into the ion trap along the longitudinal axis
of the ion trap.

18. A method as claimed in claim 1, comprising repeat-
edly performing a cycle of operation, wherein each cycle of
operation comprises:

axially ejecting trapped ions from said ion trap into said
ion guide, to establish axially ejected ions; and

accumulating and trapping different ions in the ion trap
whilst the axially ejected ions are being separated in the
ion guide.

19. A mass or ion mobility spectrometer comprising:

an annular or co-axial ion trap arranged and adapted to
trap ions;

an annular ion guide; and

a control system arranged and adapted:

(1) to trap ions in said annular or co-axial ion trap, wherein
ions trapped in the ion trap are distributed around the
entire circumference of the annular or co-axial ion trap;
and

(i) to cause at least some ions within said annular or
co-axial ion trap to be axially ejected from said annular
or co-axial ion trap into said annular ion guide, to
establish elected ions wherein as the ejected ions travel
along at least a portion of the length of the ion guide the
motion of the ejected ions around the circumference of
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the annular ion guide is unrestricted, and wherein the
ejected ions separate axially as ejected travel along the
ion guide;

wherein an electrode configuration of the spectrometer is
arranged and configured to convert the ejected ions
from an ion beam having an annular shaped cross
section to an ion beam having a non-annular shaped
cross-section.

20. A method of mass or ion mobility spectrometry

comprising:

trapping ions in an annular or co-axial ion trap; and then

axially ejecting at least some of said ions from said
annular or co-axial ion trap into an annular ion guide.
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